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NATIONAL ADVISORY COMMITTEE FOR AERONAUTIGS
RESEARCH MEMORANDUM

AN INVESTIGATION OF THE LOW-SPEED STABILITY AND GONTROL
CHARACTERISTICS OF SWEPT-FORWARD AND SWEPT-BACK WINGS
IN THE AMES 40- BY 80-FOOT WIND TUNMEL
By Gerald M. McGormack and Vietor I. Stevens, Jr.

SUMMARY

An Iinvestigallon hasg been mgde at large scale of the char—
acteristics of highly swent wings. Data were obtailned at several
angles of sideslip on wings having angles of sweep of *45°, + 309,
and 0°. The girfoil sectioqs of the wings varied from approxi-
mately NACA O01l5 st the root to NACGA 23009 gt the tip. Each
wing was linvestigated wlith flaps undeflected, partigl—-span split
flaps deflected 60°, full-span split flnps deflected 60°%and
snlit—flap—typé allerons deflected = 150. Values of nmaximum
1ift were nbtained at Reynolds numbers ranging fron 5.7 in
9.2%x 10%. In thls report the summarized results are compared
with the predictisrns made by use of the simolified theory for
the effect.of sweep and with exlsting small-scsle data. The
basic wind-tu-nel results from which these summary data were
taken are jincluded in an gpvendix.

The primary problems sccompanying the use of sweep g8 re-
vealed by this lnvestigation are the loss in maxlimum 1ift, the
high effective dihedrsal, nud the sharp reduction in lagteral-

control effectiveness. In generagl, simple theory ensbles good
predictions to be made of .the gross effects of sweep but further
SRR D
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refinements gre necessary to obtain the accuracy required for
design purposes. In cases where comparisons can be made, the
indications are that, as sweep increases, scale effects dimin-

igh and large-scale results approach smgll-scale results._

THTRODUCTION

Theory

dicates and cxperiment has shown th=t the prime
aerodynenic c¢ffect of wing swecp is t» reduce by the cosine

of the angle of sweep the effective flight velocily exper-
lenced by the Airrail eectlons of the wing, Thls then enables
Incresses in maximum flight apeed t2 e attained before
aerious compressibllity cffectes arc sgneountercd. Theory and
experiment aleo show that ~ing swoep introduces a number »f
stanpility and conbrnl provlems, .the scrisusncss »f which
bocomes accentuated at low flight spesds.

Small-ecale toets have pointcd out the general nature of
these problems and indiceted those wiilch nmust be o2vercrome AT
the high-speed bencflts o2f sweep are t2 be realized. They
have ale» suggested thet boundary-layer flow and, hence,
Reynnlds number has a profound influecnce 7 measurecd charac-—
teristice and that the valuc of small-~scele tests remain
gomevhat doubtful until the exitent »f ‘thls influence is under-
stosd.

Since nolrr re-scele data were avellable for wings with
large angles of swegep, an lnvestigatinn »f the effccts of
sweep was conducted in the Ames YO- Dy 80-foot wind tunnol

and the results are reported hercin, It is belleved that

F
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these data . will go far towards establishing the dstum required
t2 estimete the effects »f scals ~n highly swept wing plan
forms. With this Inowledge at hand it is evident that the
value 7f future snall-scale fTests will be considerably

incresased.

This repsrt discusses a summary 2f the basic results and
conperes them with simple swept—wing thenrles and, where
pessible, wilth existing small-scalc data (rcf;rences 1, 2, and
3). T2 nake the basic deta available for further aneslyses

they are included as an aprnendix t» this report.
DESCRIPTIOY OF I:ODELS

The five nodels tested were composed of wing panels fronm
an avallable airplene whiclh wore given the deslired plan form
end sweep by individually fabricated Tips end center sections.
The resulting anglee of sweep wore 02, 30°, and U5° sweepfor-—
ward, &nd 302, and U5° swecpbacl: (measured vith reference >
the quarter—chord line o»f the airfoil sections). 4side from
the eangle of sweep, tke prime plan—Torm verlable was consldered
tn be aspect ratin, The tips and cenfter sections were construc-
ted to give the smallcst veriation 2f this psrameter possible
without modification of the 2irplcne wing pencls. HNo spocial
2ttempt was made to contreol the veoriatinon of taper ratin, arca
or span. Photogrephs of the wings and plan-form drawings -
with pertinent dimensinns sre showi in figures 1 snd 2. The
Tenmetric chrracteristice of the five vings tested are listed

in table I.
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The agirfoil sections of the swept wings were dictated by
the sectiong of the airplane wlng panele (an NAGA 0015 at the
inboard end and an NACA 23009 at the outboard end of the panel).
The prcflles of the center sections gnd tilps were gimply exten-
gions of the wing-panel ailrfoll. To expedite construction,
three tips only were fabricated: one for the swept-forward wings,
one for the straight wing, and one for the swept-back wings.
Thug for the swept-forward and swept-back winge compromise tips
were used which were mlsalined 7%0 to the glir stream. The twlst
in the chord plsne of the wilng panels was approXimgtely 1/4° of
waghout., The dlhedral of the chord-plane leading edge waa kept
at Q°.

No attempt was made to lmprove the falrness of the wing
panels beyond the origingl mgnufgcturing condition. Thus, due
to presence of variocus access plates, panel Joints, etc., the
.wings were rough to a greater degree than that normally
assoclated. with latest construction requirements.

Partial-span and full-spanh split flaps were tested on all
models. The flaps were 0.20 chord and were deflected 60°-l The
span of the partiagl-span flaps was 0.623 wing span for all mod-
els; the span of the full-span flaps varied slightly from full-
span (in no case more than 0.064 wing span) as shown in table I.

Al erons were silmulated by attaching the outboard portion
of one of the flaps to the right wing and deflecting it 15°
(up-deflection wag obtained by attaching the flap to the upper

gurface nf the wing). Thus the allerons as tested were

lExeept where noted, all chords and spans used 1n thils report
were meagsured parallel ~nd perpendlcular to the plane of
symmetry. Flgp deflection angles were megsured in a plane
perpendlicular to the flap hinge line,
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0.20~chord split-flap-type ailernons.
The winge were mounted on a faired sting which in turn

was atteched %2 the three-strut support system. Photographs

27 the wing insgtalletione are shown in figure 1.
COEFFICIENTS A¥D SYMBOLIS

The data are preecented in the Torm of standard KACA crhef-
ficients and symbols a&s defined in figure 3 and the following
tabulation. A1l Torces and mooents are presented about the
stabllity axes with theilr orizin liceted on the roo2t chord,
or ro2t chord projected and atv the same fore and aft location

as the quarter 1I.A.C.

Cr, 1ift coefficlent (1it/gS)

Cp drag coefficient (d&razg/qgS)

Co pitching-moment coefflcient pitczgzg moment)

Cy rolling-moment coefficient (?ollinisgoment}

Cp vawing moment conefficlent ( yawing moment‘

Gy side~Tforce crefficlent <sidquorce>

CLu rete 7f change of 1ift cnefficient with sngle »f
attack, per degree

ACy, . inecrement »f 1ift cnefficlent due to deflecting
flaps

Clmax maximum 1ift cnefficient

?LB rate of change of rolling-moment coeffliclent with

sideélip, per degree
rate of change af rolling-moment coefficilent with

ving-tip nellx angle, »er radian
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rate of change of yawlng-moment coefficlient with
sideslip, per degree _ _ N
rate of change of rolling-moment coefficient with

alleron angle, per degree

rate of change of 016 with 1ift coefflclent where

1ift 1s increased by changing angle of attack

rate of change of Glﬁ with 1ift coefficient where
11ft is increased by deflecting flaps

rate of change of OCp with the 1ift coefficient
squared

ratloc of 1i1ft to drag

dynamlc pressure, pounds per square 29t

velncity along flight path, feet per second

angle of attack, degrees

gldeslip, degrees _

angle of sweep of quarter chord line of airfoil
gections, degrees (Sweepback is positive and
sweepforward is negabtive.)

effectlve dlhedral, degrees

control surface defleotion, degrees

aspect ratio based on span (gf>

aspect ratlio based on length of quarter chord

_b% )

8 cos®A -
Jones' edge—veloclty correction

line

e
taper ratin, ratis of tip chord to root chord (EE)
T

wing area, square feet
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c mean aerndynanic chord »7 wing meassured parallel
to plane ~f symmetry, feet

b wing span measured perpendiculer to the plane »f
svmmetry, feet

Ct wing-tip choard

Cp wing-roat choré
TESTS AND RE3SULTS

For each »f* the model configurations six-—component force
end moment date were obteined through an angle-of-attagck range
at each of several angles of sileslip. The data were obtalned
at dynanlc pressures which range from 5 9 75 pounds per
square fonrt (R = 2.8 x 10% t9 R = 13.0 X 108)3; most of the
data were obtained &t dynsmic pressures 2f 10 to 20 pounds per
square f22ot (R = 4.0 x 10% and R = §.3 X 108, respectively).

The basic dats obtained from %he winé—tunnél tcsts »f the
five swepnt wings are described in the apnendix., Alsn included
in the apnendix is & descrintisn 2% the correctinsns =nd tares

apnlied t» the data.
DISCUSSION

In this discussion an evaluation 1s made of the effect of
wing swecp on the more important aerodynamlic parameters and of

the consequent effcet on alrplisne pcecri >rmence and stability.

2These Reyn»olds nunbers are bascd upon the l{.4.C. ss & refer-
ence length and are the mininum and maximum limits »f the
variatisn including thc change in chord length with sweep.
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Also, the accuracy with which the simplified sweev theory may

be used to predict the characteristics of swept wings 1is eval-
uated by a comparison with the experimentgl data. Flnally,

an attemot 1s made to compare nt least qualiltntively the values
of the various characteristics as obtained at small-scale

(R < 1.5 x10°) and full-scale Reynolds numbers. The summary
data on wvhich this dlscussion is based have been extracted {(for

a teat dynamic pressure of 20.1b/8qg £t) from the measured char-

acteristics included in the appendix.

The conccpte advanced by Betz in refecrence 4 form the
groundwork for the theory of the acrodynamic effects of
incorporating swecp 1n a wlng plan form, These concepts are
based on the assumption that for on infinite-span wing only
the velnecity c¢omponent normal t» the quertcr-chnrd line
Influcnces the pressures over a wing; the spanwise component
of velocity 1s ncglected. Thus, if theo veclocity components
are resolved perpendicular and parallcl to the quarter-chord
line of a wing, the effective dynamlc prcssure over the wing
will decrcase in proportion to the square »f the cosine of
the angle of sweep and the effcctive engle »f attack will

inecreese in proportion to the recinrncal of the cosine of

the angle of swcep, Thosgsc changes in effeoctlve dynamic pres-—
sure and angle »f attack brought abrut by wing sweep form
the basis for the existing simplificd sweep theory.

In interpreting the comparisons to be made between the

slmpllflicd theory and expcrimental results, the limitations
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of the simplified theory must be borne in mind. Over tne

r29% section »f highly swepf finlte-span wings, particu-— .
larly highly tapered low aspect ratlo wings, the basic assuap-—
tion that the wing reacts only t2 2ir velocities normal to the
quarter—~chord line probably 4do2es n2t hold. It should alsn e
n2ted thot simplified theory in 1%s proeent form applies »nly
%2 wings vhich generate an addltional loading due to angle-nf-
attack change that is rectangular in form. Therefnre apore-
ciable deviatlons from rectangular loading such as produced
by taper will result in dlscrepancles between the thenretvical

and experimental results,

Lift Charecteristics

Lift—curve slope.— The simplifiecd theory indlcates a

decreesse in lift—curve slope proportional only to» éocshA. To
account for induction effects, & correction nust also be made
for any variations of zspect rati&. Hence, the effect of
sweep on lift-curve slope, when corrected for aspect ratin,

wili be in accordance with the relation:

[a/(a+2)]
» _ 7 A
(“LOJA = \CLG)A=O cosd Z7EEIT, 5

In eonifornity with standard nomenclature, aspect ratins is
based on the spen »f ‘the wings; however, there is some conten—

tion that since only air fiqw perpendicular to the quarterchzd
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line 1s consldered to affect the aeradynamic characteristics,
aspect ratin should be based on the length of the quarter-

chord line., 8uch an assumption ie used in the analysis

included in reference 1. 1In figure Y, the experimental
results (taken from the linear portion of the 1ift curve) are
éhown together with the predictions besed on theory for both
concepts of aspect ratio®, For swept~back wings, basing the
aspect ratis on the length of the quarter-chord line gives

the better agreement; whereas for swept-forward wings, basing

the aspect ratio on the conventlonal span glves the belter
agreement. _

It i1e believed that nelther of these aspect ratio
concepts gilves a correct picture of the inductlon effects of
the vortex pattern on swept winge. It can be shown that if a
wing is swept back, the induction influences of the tralling
vortices on the wing should be reduced, and conversely, if s
wing is swept forward, the induction inrfluences on the wing
ghould be increased., That ls, the effective aspect ratio
lncreases with sweepback and decreases with sweepforward for
wings of constant geometric aspect ratin (b3/S).

The lift-curve slopes for the wings »f this report have

been estimated using the method of Fallmer (reference 5) which

3I% is recognized that a further aspect ratin correetion,
namely, Jones! edge-velornity correction should be used.
The effect is small, however, compared to the errors
resulting from the use °f simplc sweep theory, It hes
teen omitted, therefore, in an cffort to indicate clecarly
the adequacy of simple swcep theory in indlcating the
lift~curve slope »f highly swept wings.
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taekes Int» consldersation the induction effects nf the swept
vortex system in a mnare preclilse manner, In applying this
rethod the section 1iff-curve slope for these wings

(czm = 0.103> wvag used rather than the theoretical value

(cla = 2733> uged in reference 5. The results gre shown in

ST e
figure 4. The predicted values of C1, &nd their variation
with sweep closely apvrroximatse the evperlrental results.
This indicates that, when irductlio-n effects are praoperly
accounted for, sccurate predictinns 2f lift-curve slope can
be méde. It can be inferred then thnat the fallure of simple
theory tn accurately indteate the effect »f sweep 2
lift-curve slopc 18 r result »f inmpropcr induction effects.
Taper apvears t2 have a strong effect on lift-curve slape
due t» its inherent influence »on laduction effects. As
previougly mentioned, the simpliified theory strictly applies
osnly to rectangular Inading and hence the tapsr of the wings
of the subject invsestication may account for some »f the .
discrepancy between thenretical and experimental results. In
an attemnt t2 cnrrelate the effect of taper 2n the ilift-ocurve
slope of sweot wings, date fron previcus investigationg of

swept wings having different taper ratins (references 1, 2,

%, 6,8nd 7) are shown in figure 5. For mnst of the investi-
gatinone the wing aspect ratin (defined as b?/S) and taper
ratin 4id not very with . sweep. For those cases where aspect

ratin (b?/8) varied with sweep, the data were corrected to

the aspect ratio (b?/8) for the unswept wing,
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Exemination of the data in figure % will reveal that,
a8 taper rstio is decreased, the maximum value »f lift-curve
slope occurs at greater angles 2f aweepback, The relation
between taper ratis and the angle »f sweep at which the maxi-
mum value of lift-curve slope occurs ia shown in figure 6.
The figure disclnses that in . order ©» 2btain maximum 1ift-
curve slope the taper ratin shoulid be reduced from 1.0 as the
wing is swept back and, by inference, increased from 1,0 as
the wing is swept forward. ,

A comparison »f figures 4 and 5 shows that values »f
lift—-curve slope determined from larg.—-scele tests show no
better »r poorer agreement wlth simplie theory than values
from small-scale tests. It appears thet the principal dise—
greement between theory and experiment lies in failure »f the
theery to preoperly account for the induction effects on swept
wings and that in compsrison the effecte »f scale are rela-
tively small.

Exeminatinon »f the nonllnear oportion »f the 1lift curves
and comparison with small-scale data shows that no consistent
effects exist whickh could be attributed dlrectly t» scale
effect. Those differences which d» exist are small and
erratic in nature snd probably résult from differences 1in
plan form, wing sectlon,and local wing roughness.

Flap effectiveness.~ According t» simple sweep theory,

flap effectivencss decreases as co28°A. An additional

correction to account for inductinon eflfects must be applied
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when comparing flap effectiveness on wings of different aspect
ratins, The comments previously made regarding the effects of
induction on 1ift-curve slope &apoly equally well to flap
effectiveness. In fact when a‘,GLa‘, and & are measured
perpendicular tn the quarter-chord line, the effectiveness
parameter o'sg 1is unaffected by sweep and the 1lift lncrement
produced by flap deflection is 3Jirectly proportional to GLa‘
or to CLa cosh, Hence the theoretical effect of sweep on
flap 1ift increment may be wrltten elther in terms of sweep

and aspect ratin:

7 5 [A/(a+2)14
\ACL)A = (ACL)A =0 cosg A[A./(A_+2)]A=0

or in terms of sweep and lift-curve slopes:

(61,)
(Acﬁ)A = (ACL>A ~ o cosh Taiijﬁ;g

where o 1s the angle of atteck of the root chord.

In figure 7 the experimental results are shown together
with predictiosns made in accordance with both the foregolng
relations®. It can now be seen that predictiong »f flap 1ift
increment made in terms of aspect ratio devlate from experi-
ment the same as did the predictinng of lift-curve slope.

However.when predlctions are made in terms of lift-—curve

4Note that in correcting for aspect ratio, the aspect ratin
vas based on the span. As in The case of Cy _, 1f aspeoct-
ratlos were based on the length of the quarter-chord line
better agreement in flap 1ifT increment 'would have been
obtained for swept~back wings and poorer agreement for
swept-forward wings.
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slopes; the agreement wilth experiment is almest exsct. Thus
the contrsl which cLu has on flap effectiveness emphasizes
the importance of fully understanding the effect on GLa of
the many factors involved; this 1s especlally significant when
flap effectiveness 1s8 considered in terms of airplane control
and performaence.

Since the flap 1li1ft increment is dependent upon 1ift-
curve slope, the conclusions coincerning the effect of scale
on lift-curve slope apply equally well te flep 1lift inorement.
In general; it can be saild that sweep introduces no new scale
effect on flap 1lift increments measured at low angles of
attack.

Haximum 1ift.- The effedlt of sweep on maximum 1ift of

the wing without flaps, with 0.623 span flsps deflected 60°,
and with full-span split flaps deflected 602 is shown in
figure 8. Attentlion is called to the fact that the wings
tested . were compesed largely of production wing panels with
normal roughness and irregularities such as caused by access
plates. As a result »f the roughness, maximum 1ifts measured
on these wilngs may be somewhat lower than fthose measured on
smooth wings, However, since tne measured values on the
unswept wing appear to be reasonably high for the particular
airfoll sectlons, it is belleved that the roughness was nof
sufflcient to seriously reduce the maximum 1lift measured.

As shown in figure 8, sweep in wing plen form produces

serlous losses in maximum 1ift. However, Tor all but one of
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the wing configurations the peasured maximum 11ft was equal
to or greater than simple theory wourd indlcate, that is,
Clmax @14 not in general decrease proportional: o cas®A,
Furthermore, the geometric aﬁgle »? Attack ;or clmax

(fig. 9) does not Gecrezse as

A [A/(A"{'Z } .];1:0 T
Mo, -

g
e

vhich would be predicted by simplelthepry..ilt ig probable
thet spenwlse boundary-layer flow prevents stali fron
spreading from ﬁip ta roat on_the_gwepﬁ—baqk wiﬁg aﬁd'from__
ront T2 tip on the:swept-fnrward'wing, It is aisq.possible
thet this intense boundary-layer drain allows certéin sectinns
of the Wing.tdﬂreach sbnormelly high angles.pf,éttack prior
to2 stall, ‘ ;

Oon the unswept“wiﬁg the gein in maximum 1ift coefficient
‘Gue o flap deflection 1s equal > the flap 1ift increment &t
low angles of attack;'wheréaé on the swept wings the gains in
" maxioum 1ift coefficient are gopeWﬁat less then the flap 1ift
increments realized at.iow_angles af attack; This is partic-
ularly'true for the nutboerd poartiosn of fﬁll—span flaps on
the svept-back wings end the.inbocrd fleps on the swept-forward
wings. (Fof swcepback angles greceater than 300, full-span
flaps produce nn greater IGLmax then do pertial-span flaps.)
Such cecreases in flap effectivensss with sweep are disao-—
- pointing but nnt surprising; gince neear gtall the air flow
is separated »n the pﬁtbqardlsection nf swept-bsck wings and

the 1inboard section nof swept—fﬂrward wings.



16 _ | . NACA BM No. AGKLS

The megsured loss in QLmax due to sweep sericusly limits
airplane performgnce, With elither partial or full-span flaps,
the loss in QLmax due to 45” of sweep would require increases
in landing speed of approximately 20 percent.

Because of differences in taper ratio and airfoll sections
of models used for smgll- gnd large-scale tests to date, no
quantitative conclusions can be drawn regnrding the effects of
scale on QLmax at varlous angles of sweep. In general, how-
ever, 1t can be inferred that a8 the angle of sweev 1s increased
the effects of scale become Smaller. For instance a comparison
of figure & of this report with flgure 7 of reference 8 shoiws
that en incresse in Cr . of 0.25 1s obtalned at 0° of sweep
vhen going from small- to . large-scale tests. In contrast, in-
cresses of only 0.10 and 0.08 in (., are gained with 30° and
45° gweepback. The increase in QLmax at 0° of sweep 18 in
general accord with what past experience has shown to be a rea-
songble effect of scale; whereas the increases for the swept
wings fall far short of what would be antlclpated from experi-
ence on straight wings. These data indicate that large-scale
tests show a much more rapld decrease of GLmax with sweep than
do model tests. This seems true whether flaps are deflected or
not. Since large-scale results tend to approach smgll-scale
results at large anglesg of sweep, considerable care should be
taken iIn trying to estimate large-scagle alrnlane verformance
from svept-wing model tests. Expectations of improving GLmax
commensurate with that experienced at zero sweep are not likely
to be fulfilled. The importance of this problem would indicate
a presging need for swept-wing tests of a number of gilven models

throughout the full Reynolds number range.
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It should be noted that the above Inferences have been
dravma from results of tests of winss using conventional air-
foll sectiong. It may well be that when sufficient data
become available to meke similar comparisons on wings using
laminar-flow sections, the effects of roughness and Reynolds
number may be markedly different.

- A
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is shown in figure 10 for each of Tthe five wings wlth parbial
and with full-span flars. That part of the drag attrlbubted

(b3/3) of the unswept wing, that is, an asnect ratio
of lL,62, The I./D values for conditions where the drag coef=-
ficient was less than 0,1 are not shown because it 1is
believed posslible inaccuracies dve to lack of preclse drag
tare wvalues would lnvalldate any conclusion drawn from such
results., This excluded study of the most important flight
speed range Tor plain wings and hence the L/D values for
plain winss are not shown. It is believed, however, that
the results shown for the winzgs with flaps are sufflclently
accurate to allow useful conclusions to be drawn as to the
effect of sweep on L/D ratios for that region of the most
interest, centering around gliding and landing.

The results show that at 1ift coefficlents near a

maximum 1ift coefficlent of 0,3 the I,/D for the swept wings

SThe use of aspect ratis based upon the span of wing rather
than the length of tae quarter~chord line is justified
on the basis of results guoted in reference 6,
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approximates that for the unswept wing. As stell is approached
the L/D ratins of the swept-back wings remain at least as high
as those for the unswept wing; whereas the L/D ratios of the

swepti-forward wings show a rapid decrease,.
Ilongitudinal Characteristics

The effects of sweep on the pliching-moment characteristics
of the plain wing, wing with partlali-span flaps,and with full-
span flaps are shown in figures 11 %o 13. The remarke which
follow are based upon the data obtained on the plain wing
(fig. 11) but in general apply also to the wings with partial-
or full-span flaps (figs. 12 and 13).

For 11ft coefflicilente lcse than 0.5, the pltching-moment
coefficicnts vary almost linearly withh 11ft coefficlent and
indicate that forward sweep moves The asrodynamic center
forward (4 percent 1i.A4.C. at 50 sweep), while sweepback
moves the aerodynamic center rearward (5 percent ¥.A.C. at
450 sweep). At higher 1ift coefficicnta the #5° swept wings,
and to a lesser degree the -30° swept wing, exhibit an abnor-
mal diving tendency. Similar diving tendencies of highly swept
wings have been reported prev;ous;y (refe?ence 1). Such
irregularities in moment characteristics do not appear serlnus
if considered only in terms 2f the elevator power avéilable
wlith & conventional tail., However, the effect upon static
stabllity and the abrupt variation of elovator positlion and of

gtick force with speed may prove objectionable to pilots. 1In
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the case of a taillless deeglign these irregularities would be
more serious. For ilnstance, if the U5° swept~back wing were
considered a possible design with the 0.LO-gpan ailerons used
for longitudinal control (elevons) and with neutral stability
at low 1lift cnefficlents, over 307 up-elevon travel would be
reguired t» malintain trim even ir the elevon effectiveness at
low 1ift coefficlents were maintained. For the Y57 sweot-
forvard wing a similar bubt less extreme_condition exlaeted.
Smeller control angles would be required but the date indicate
an abruptness 2f control motlon which, because »f the low
danping in pitch, miéht e serinous In tailliess designs. In
consldering the longitudinal stablility it should be rehémbereé
that -the effects. 7f fuselage, tip shape, slots,'étc.,'have ‘
been disregarded. It may be, anc unpublisheﬁ_daté éo.indi—l
cate, that minor e-nfigurstisn changes will remove thg diving.

tendency and 1ts associated problens. .

For 1ift coefficlents just less than Op  , the swept
wings tested, with the exception »r the 30° swepb-forward
wing, exhibifed a strong climbing mnment. This characteristic
ig obvinusly undesireble since 1t mekes inédvertent stall
culte likely. In reference 8 a chart was presented which
defined, on the basis of small-scalc date, -the boundaries of
aspect ratio and éweep'angle'wﬁich would give a wing either a
climbing or a diving tendency near stell, This chart 1is
reproduced herein &s figurg 14, Als» shown on this figure
are the daté obtained inlthis ;nvcstigation. Baséd upon thesc

data, it eppears that the chart as sct forth in reference §.
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applles as well to large-scale a8 to small-scale wings; further-
more, the chart applles to swept-forward as well as swept-back
wings. 1Insofar as the over-all shape of the pltching-moment
curve is concerned large-scale tests agree generally with small-
scale results with the exceptlion of minor differences. Agaln it
should be noted that these dbmparisons have been made from exam-
lnation of results of Investigations on wings using canventlonal
sections. The validlty of the statements regarding these com—~
parisons 18 gs yet unsubstantiagted in cases where lamingr-flow

sections gre involved.

Lateral Characteristics
Dihedral effect.- The varigtion with 1ift coefficient of

the rolling moment due to sideslip is shown in figure 15 for the
plain wings and in figure 16 for the winge with flaps. The pow-
erful influence of sweep on the dihedral effect is immedlately
apparent. (A scale of effective dihedral for the unswept wing
has been shown on the figures to allow convenlent comparisons.)
Within 1limits, the dihedral effect due to sweep iincreases in
proportion to 1ift coefficient.

Both the 30° and 45° plain swept-back wings reached a

maximum vglue of GIB of —-0.0034% (17° effective dihedral) at

1ift coefficlents of 1.15 and 0.85, respectively. In the case
of the gwept-forward wing the maximum value of CIB increased
with angle of sweep, being 0.0014 for the -30° swept wing and
0.0020 for the -45° swept wing. These maxirmum values for the
swevt-forwgrd wings occurred in both cases near a 11ft coef-
ficlent of 0.9. It should be noted that whlle the swept-back

wings show much greater dihedral effect than do the sweot-
forward wings, this 1s due largely to the dihedral effect of
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the unswept wing. The incremental dihedral effect is roughly
of the same order of magnitude for elther direction of sweep
The maximum dihedral effect »f the wing with flaps
deflected is considerably higher, about 32° for the L5°
swept-back wing with full-span flaps., Such extreme dihedral
would make malntenance of a wings-level attitude in the landing
approach almost impossible because of extreme sensitivity in

roll to slight angles .of sldeslip. FEven with adequate lateral
control 1%t is felt that a pllet would hnve difficulty in

reacting sufficlently fast to prevent reaching excessive

angles of bank,
For the case where 1ift is changed by changing angle of

attack (flap deflection constant), simple sweep theory gives

the following relation for the parameter 6035/66L :

® (8C1p/o0L), = (8C1p/ L)oo ~ L/4 -;-5‘79%

€It is recongnized that both »f the terms on the right side of
this equetion should be modifled further by & correctinon
involving aspect ratio end edge velocity. Simple theory
ghows theat, where asymmetrical 1lift exists, the corrections
would be the form A/(A=+4). Agsin the question arises as
to what the value of espect ratio should be. Obviously the
chonice is more complex than simply deciding whether the
span should be based on conventiosnal span »r guarter-chord-
line length. In attempfting to correlate the subject date
as well &s other swept-wing data both these asproaches were
used. Since nelther proved consistently superior tno the
other or to simple theory, 1% was decided to Gelete the
correction entirely. It is pnssible thet addltional study
of existing date ftngefther with future tests will reveal a
means 2f determining an effective aspect ratin vhich when
used in this comnection will more szccurately predilct csym—
metric leoading conditinons. It should be noted, then, that
throughout the sectlons of this report dealing with asym-
metric losding conditions (sideslip »r allerons deflected)
no corrections for aspect ratio changes have been applied
tn the predictions for the effect of sweep.




22 : NACA RM No, ARX1S

This relatinn has been used tn estlmate the values of
6GLE/CCL for the five wings tested and the results are
compared with experimentel values in fligure 17. TFeasnnably
gnnd agreement ls shown except in the case of the H5° gwept-
farward wing which had & somcwhat lowor value of éCLB/bCL
than was predicted.

For the caso wherc 1ift is changed by changing flap
deflectinn (angle of attack constant), the theoretical effect
of sweep on 601ﬁ/6CL is twice that given by the foregoing

eXxpression, that is,

(dcrg/o0L), = (acnﬁ/ac@ 1eo~% ke ;;_%g%

where bp/b is the retio of flap spen to wing epan. The eebi-
mated and experlmental results for thls case &are elso shawn in
figure 17. The agreenent between theory'end experiment in this
cege ig only fair. The discrcpancy ls probebly due in gresat
measu?e-to fallure of the theory to properly ecceount f2r the
spanwlée center of load, Theory Indicates rectrngular lesading -
thet is, that the center of sdditional Tond is applied at mid-

semispan of wing or flap. Movement of the center. of load

inboard =2e much as 20 percent »f the wing semlspan would be
required to moke the discrepancy between thoory and experiment
vanish. ' . |

Thus, rclations obtalned by.moang of the simplifled theory
appear to cstimrte at least the gross effects of swcep on the

pnrameter 1 . notable cxcoption is the case of the
ter 8C1,/0CL . 4 bl tion is th .
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457 gwept-forward wing which exhilbits a dikedral effect much
less than theory would indicate but still greater than the
30° swept-forward wing.

Since the problem of determining the value »f 503ﬁ/6CL
end the maximum value of GLS l1s orobebly the most serlious
one faced by the designer of swept—wing airplenes, & consider-
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gwWept—-back wings from the data. Unfartunately, such an
evalustion could not be obtalned. Only the genecralizstinn can
be nade that the effects of scals adnear much less impnriant
than the cffects »f wing geometry., Both large— end small-
gcale swent-back—wing tests show vory similar cherscteristics.
That is, the value of éGLﬁ/bCL “approxinates that

predicted by theory, with & maximum value of Gzﬁ being
reached prior t2 the stall, and fsllowed by a reductisn in

G;ﬁ ae the stall is approsched. N7”te that theme ond the
foliowing consideratinns regarding the effects »f scile apply
t0 plain swepbt-back wings only.

Ls previously noted, the valuc of actﬁ/acL indicated
by simple theory is bascd upon thc essunption thet the addi-
tional 1o2ad is concentrated at the mid-secmispan, Thcrefoare
markxed differences in this p2romcter would be cxpcetcd whore
nonrectengulsar losding was knowm t2 exist. In comporing -
cxperlimental results with the theosry such wag found 2 be the
cagse, Reofcrence 1 showed that for the rectenguler swept-back

wings the measured value was as mucn as 1l pecrcent morc than
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the predicted value. The tests reported herein gave cxveri-
mental results less (as much as 1L porcent less) than the
predicted value. BSuch dlffercnces might be anticipated since
thoory shows that sweepbuck tende t7 shift the lnad centoer
towards the tips, and tapcer ratins less than 1,0 tenéd t7 shift
the load centcr towerds the ros%., A complcte understanding of
this action cannot be had until more thorsugh studies are made
of the effeccts »f swcep and taper on load center., A flrst
approximation (probebly on avercorrecction} of the ansver can
be rcachcd, however, by simply adjusting the loed ccntcr to
correspond to the arca conter., If thls is done, theory would
fall within 10 percent of the results shown in this report
whlle, »f course, the discrenancies 2 referconce 1 would be
unchanged, Such & procedure applied t2 the results »f refcrence
3 would slightly »vercorrect for the effects »f taper thét are
ghown, From this it can be concluded thet the veolue of
aczﬁ/acL can be apnr?ximated to within 15 percent by simple
theory; that a clager approximation can be had - probably
within 10 percent - if the centroid of 1524 1ls assuned to lic
on the centroid of area., It is belicved that the effects of
gscale fal; vithin this latter error end probably are 2f the
samo gencrel magnitude as the effects o»f section or tip shape.
N Zata conuld be found t» aid in a quantitativec evaluation »f
these cffects,

¥ith regerd to the maximum values °F ng llxcly t» be

gncountered with a highly svept wing, 1% azoears lmpnssible t2
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cnnclude more then the feet thaet a naxipnum velue exlsts for
every wing and that this maximum value tends to decreasss wilth
taper ratio: The data af thls report and reference 1 show
very nearly the same maxinum value (Gzﬁmax= 0.CO3% %o O.GO}S)
for both swept-back wings. Reference 3 shows a2 very similar
maxinum for the untapered wings but shows the maximum decreasr
ing with both taper and sweep for other wings., Hn relation
geems t2 exist befween the 1ift conefficlent at which the
maximumn st sccurs and the meximum 1ift coefficient of the
wing. Since, however, the value »f éCLp/écL, ‘in general,
increases more repldly with sweep than GLmax Gecreasges, the
paximum value of Clﬁ 2ccurs at pragressively lower percent—
ages nf chax as swWweep 1g lincreased. For lnstance, for a

U5? sweptbaci wing, sceurs at 0.55 Cp __  in refer-

G Ly
YBrax
ence 3, 0.61 Crnayx 17 Teference 1, and 0.70 Cp_.. in the

data »f this report; whereas CLB for a 30° swept-back tring
nax
scecurs at 0,80 Clogx? 0.82 CLmax’ and 0,91 CLmax far tlhe

same &sta, respectively. Since the phennmenon which causes The

valve »f C;E t2 peak ore not completely understoand a2t the
present time, an accurate predictinn »f 1i%ts velue is invnos-
gible. Examination of £11 available deta leads, however, to
the conclusinn that if a maximum value 7f —-0.C033 is chosen
the choice can be considered congervative, but for the present,
wind-tunnel tests must be relied upon to glive the exact

answer. GCertalnly thié problem is wortihy of additional study.

Until the governing factors are more clearly defined it renmaine
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inpnsslible to deternine to what extont Glﬁmax is affected by
scale.

In the case »f swept-back wings with flaps defleccted the
amount of correlation possible between large—- and smell-scale data
ls extremely limlted and the resulits far less amenable tn
Interpretation. For most cascs exanlned theory gave at least
a slightly conservative value of 601ﬁ/écL where the change .
In 1ift coefficient was due either t2 e flap deflection &at
constant angle »f attack or & chenge of angle of attack with
flaps deflected., All the deta, large and small scale showed

29r indicated that & velue of exlsted and that it

O .
Prax
increased with sweep., While no systematic variatisn of Glﬁ
nax

with wing geometry could be ascertalned, none of the dsta
showed a value greater than -0.007. For The present, thercfore,
if wird-tunnel tests are not available the best anorrnach 192
predicting GLB characteristics »f swept wings with flaps is
to use simple theory t2 predict 5CL5/5GL and t» coneider
~0,007 Ctﬁ as the maximun,

Nn correlation was attempted with the swept-forward-wing
data because 2f the scarcity of low--scale testa.

Alleron effectiveness.—- The variation of alleron effective-

ness with 1ift coefficient is shown in figure 18. The velues

of alleron effectiveness shown in figure 18 were obtailned as

the AC, produced by —-15° or 15° of eileron deflection and

hence are ACy/A8g rather than & true Gzaa. It is immediately

apparent thet aileron effectiveness decreascs with sweep,
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decreasing £s8 much as 5C percent Tor US° of sweep. The effec—
tiveness 2f the allerons on the swepb-beck winge decresscd
with 1ift cnefficient, rapidly at high 1ift coefficlents.

This is duc to a loss in effectivoness of the upward dcflccted

aileron which is in the wzke »f the seperated flow &nd hence
cmtributes little or nothing t- the roliiing nomcent. The
ailerons »n the swept-forward wings show a general increese

in effectiveness with 1ift cnefficlent, probably due t2 &

favorable seffect »f the spanwisce borundery-layer drain.
aceonrding t2 the simplified theory,.as a wing 1s swent,
the alleron effectiveness wilill decrecsc, as far any flap, in
proportinn t2 the cos®A. That is, whien corrections for
aspect rati~ are ignored the valuc »7 Gzaa is given by the

following relation: (3ece faotnote 6, p. 21)

<015a)A - <0L5a>A = 0 ons”A

This relation has been usged ©t2 predict the variation of
alleron” effcctivencss with sveep Tor the five wings tested,
end the resulte are cnompersd in Tigure 19 with the experi-

mental data cross—-plotted fron ficure 18 for zeros 1ift.

"The ailerons -1 the wings of this investigetion varicd botn
in the relstive amount »f wing areca affected rné in tre
relative spanwise lncetion »f the center of »ressure »f
the area affected. In comparing theory ané experiment,
these variations were accounted for by ceorrccting the
thesretical values »f sileron effectiveness in pronoriinn
to the ratio »T the relative arez end spanwvlae center 2f
pressure 2f the swent wing t~2 the reletlve area and snan-—
wise center »f pressure »f the unswept wing.
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Far eilther sweepforward or sweepback the experimental values
of aileron effectiveness are as muchlas 20 percent lower than
the theoretical values.

The foregoing results shov_thgghgilgrpn_effegxiveness is
reduced by wing sweep &nd that »n swept-back wings the eileron
effectiveness is further reduced at high 1ift coefiicients,
Ingnfar as rolling control at low 1ift crnefflcieat le
concerned, theory shows that GLP is reduced in'proportian
to coaA} whereas Gtsa is reduced in proportion t2 cas®aA
and kence pb/2V will be reduced in propnortion to cosp for
a given size »f aileron. In general, therefore, it appears

that, t2 maintein a given value of pb/2V, ailersn size nmust

be increased as wings are swe»dt. A8 higher 1ift coefficients
are reached the lateral-control nrobles becomes particularly
pronounced. W9t only must powerful leteral contra2l be provided
t2 avercone great dihedral effects but the results reported
herein show that available lateral contrsl, at leasst for
swept-back wings, decreases seriously with 1ift coefficients.
For example, with the 45° swept-back wing equipped with full-
span flaps and flying near Glmax’ 137 »f total aileron
deflectlion would be require? to hold the wings level for only
1° »r gldeslip. The need for developient »f adequate alleron
comtrol or a means tn reduce allernn o¢sntrol requirements is

abvious.
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Directional Chasractarlstics

The variatiosn with 1ift coefficient »f the yawlng noment
due tn sideslip is shown in flzgure 20 for the plsin wings and
in figure 21.f»r the wings with partiel- snd full-span flaps.
Sweenback increased the directional stebllity and sweepforward
decreased the stability; however, due to the initisl prsitive
stabllity »f tThe unswept wing the stabiliity »f the swent-
forward wings becare negative only at higher 1ift coefficilents
and then only slightly s».

The theoretical effect of sweep on the directional

atabllity is in accordance withh the following relatlinn:

A _ 7 2 tan A
(&ng/o0L, )A- (8Cng/o0L, >A=0 T o x 5743

The directional stabllity estimated osn the basis o this
equation is compared with experimental results in figure 22,
Although precise agreement ls nnt ~2btained, the trend »f the
experimental date 1s indlcated Ly Tiiedry.

The directional charsctzrielilcs of the swept wings tTested
should n»t present sny seriosus nroblems 2f a purely l-rw—speed
stetic directional stebility and controal nature since adequate
stability and control should be ~btainable by uee »f fins and
rudders of normal proportisns combined with normal tail

lengths, Fowever a dynamlo problemn ariscs from the fact that

C;, Iincreasses with sweep more rapidly than Cnﬁ' This
k
unbalance between 015 and Gnﬁ leads t» the duteh-roll tyode
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of instability which has been discussed in reference 8, The
data obtalned in the investigation revorted herein substantiate
previnua tests conducted on small-scale models and conse-~
quently indicate that mesans must be found to balance OCf and

F
Crg-

CONCLUDING REHARES

Large-scale tests indicate that the primary problems to be
avercnme before successful use can be made of high angles of
sweep are (1) high dihedral effects accompanied by poar leteral
control at high 1lift coefficients, (2) low maximum 1ift value
together with low flap effectiveness, and (3) rapid shift in
neutral point in the mnderate t2 high lift-coefflicient range
coupled with &-possiblility »f strong stelling moment at maxl-
mum 1ift resulting from posr plan-form cholce.

In general, simple thenry enables good predictlons to be
made »f the gross effects of swecp »n wing characteristics,
but it is felt that the accuracy is inadeguate for purpases
of design. It appears that the majorlty of the inaccuracles
result from an incomplete understanding »T the effects of
aapect ratio.

Where it has been found possible tn compare inrgze—-scale
data with small-scale date a comparism has shown that where

scale effects exist at low angles 2f sweep, scele effects
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tend to vanish at high angles 2f sweep withlarge -scalec results

approaching small-scale results.
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APPENDIX

Description »f Basle Wind-Tunnel Test Results

For each swept wing, slx~component force data vere
obtalned at several angles nf siqeslip-gnd geveral valucs »f
dynamic pressure. (See Ffig. 23 for variation of Reynnlds
nunber with dynamic pressure.) At each engle »f sideslin,
geveral model configurations were tested including plain
wing, wing wilth partial-sjan epllt flaps, wing with full-span
spllt fleaps snd wing with split-flap—trpe aileron. The deta
obtained are presented in figures 24 to 91 in terms »f the
varlation of the me&sured characteristics with 1ift coefficient.
Table IT forms an index »f these figures presenting the basic

data.

411 the data are referred to2 the stabllity axes whose
origin is located at & p2int on the_roat chnrd or ront chord
projected and at the same fare and arft location as the quarter
M.A.C. The test results are presented in the form of standard
NACA coefficlients as defined in the section Coefficlents and

Symbols.

All the basic wind-tunnel Auitae heve been corrected for
2ir gitream inclilnation end for wind-—tunuel-wall effects. &

brief anelysis »f the effect of sweep on tunnel-wall corrections

Indicated that the everage correctisn either with or without
sweep was spproximately fthe seme for the tunnel wing configura-—
tions considered. Hence the standard correctinnsg for unswept

wings were appnlied.



NACA RM No., A6K1S 33

Force tests made withh the sting supgort alone in the
tunnel showed that 1ts tare sh7uld be negliglible except in
the case of pitching moment, drag and yeawlng moment. Ileasured

pitching-moment tares are believed rellable ¢nd were applied
tn all the data. While the drag teres are apsreclable
(approximetely 0.02 in the casec of tite. unswept wing whire
the area is small and decreasing £or the swept vings vherc
the area 1s larger), it 1s felt that they could n2t be
detcrmined with sufficicnt accuracy t2 werrent epnlication.
Hence nn drag tares have been apilied, Slnce the nessured

vawing-moment tares (fig. 92) werc small, they were not

applied to the basic data. However, 1n sneslysis o»f the data
1t was found that the tarcs were relatively large hen
couapeared to the effects of sweeps In order then ttn pronerly
assess the effects »of sweep, 1t was necessary t» aspply tares
t2 the summary data whichk 1s, thercfore, shown fully corrected

in figuzes 20, 21,end 22.
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TABLE Y. GEGEINIC CILutACTINISIICE OF TRE FIVE SWEPT WINGS
Angle of Area, | Aspect | Taper | Mesn mero-[?Span of [®Span of |°” Span of |
SWOop 8 ratio, ratio, | dynemic partial- | full-span| ailer~
(deg) (sg ££)| b3/5 og/0, | chord, ¢ | apan flaps| flaps s
(£%) (% b) (% ) (% 1)
-46 386,65 3.12 | Q.38 11.32 62.3 97.0 3.7 i
~50 282.3 4,69 &0 8.44 62.3 95.2 50,9
0 201.8 4,62 + 56 6.02 6245 82.6 30,2
I
30 ' 268.4 4.84 oid .97 B2.3 87.0 Dol
456 509.6 3.64 o A2 10,00 62,5 96.7 53,9

1411 chords were measpured parallel to the sir stream.

27laps and ailerons were 20 percent chord.
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TABLE II.- IIDEX IO TIE BASIC DATA FIGURES

. “tlominal
Figure mmber angle of
A=‘-—45! A==-3q A= 0 IA=30 ; Aqp | Bhdeslip Configuration | Datu presenksd
,
24 | 36 ; 50 | 6a ! 78 0 Flain wing icD,a,cm,c-,,,,cn,cy va
s5 |37 ) 51 les | e 0 Plain wing + purtial-span f£leps icn,a,cm,cl,cn,cf va
2 | 58 | 52 | 66 | 80 0 Ploin wing + full-span £laps %CDAZ,Cm,01.Gn,Cy 8
27 | s | 55 | 67 | Bl 0 Plain wing + ailerons (@s0ppCy vu Oy,
28 | 40 | 64 | es | 82 -5 Plain wing CpsQy Oy CysCpsCy v
29 | 4) bo €9 83 -5 Plain wing + purtiel-span flaps |Cp,®,Cp,Cy,Cp,0y va
3 | 42 | 66 | 7O | 84 | -1l0 Plain wing B CpatsCppsCy 50y Cy B
5L | 45 | 67 | ™ | 85 | <10 | Plaln wing + partial-apan Claps |Cp)yCysCysCosCy v8
- 44 58 T2 86 ~10 Plein wing + full-spon fleps Cpa®s 0y C1s0p,Cy Ve
32 45 b9 T3 a7 ~10 Plein wing 4+ ailerons G CprsCy v Gy,
35 | 46 | 60 | 74 | 88 5 Plain wing CpsCts U Cq +CsCy V8
34 47 Bl 75 89 5 Plain wing + partisl-span flapa GD’C"-‘Gm-'U], sCnsCy  vE
-~ |48 | 82 | 76 | 90 b Ploin wing + full-span flaps  |Cpy0,Cy,Cy ,0psCy V8
i 35 49 63 7 9l 5 Plain wing + eilerons a,Cp.C; vs Gy

GTIHQV *ON Y VDOVN
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ictual angle of sldeslip ‘s moted on esoh ourve sheet.



NACA RM No. ABK15 : PFig. 1a,b

(2) The 45° swept-forward wing.

(b) The unswept wing.

Flgure 1.~ Photographe of three of the swept wings mounted in the Ames
Lo by 80-foot wind tunnel,



Concluded.

(c)

The 45° swepb-back wing.
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NACA RM No. ABKI15 . Fig. 2a

HOTES: L.- E'I;P Agﬂbl:ﬂ GIVIX ARL HEFERRXD TO QUARTIR OEORD LINE OF AXRFOIL
B8EQTIONS.
2.~ FORE AND AFT LOCATION OF ROOT OHORD IS REFERAED TO .25 MAG,
3.— OHORD AT FLAPS AND AILERONS I8 .30 OF WIEG OHORD MEASURED PARALLEL
TO AIRSTREAM.

32 38°
62.3%b

<~ 6.73" —»]

WATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

EXEEP = —45°, AREA = 335.5 8¢ FT, ASPEOT RATIO = 3.12, TAPIR RATIO = .38

b 36.39°% —1'
62.3%

‘*——'{_6]’——-‘

SWEIP = -30°, ARKA = 283,3 8Q FT, ASPECT RATIQ = 4,89, TAPIR RATIO = .40

Figure 2a,b.- Geometric.characteristics of the swept wings.



Fig. 2b NACA RM No. ABK15

SYEIP = O°, AREA = 201,8 8Q FT, ASPEOT RATIO = 4,83, TAPIR RATIO = .56

NATIONAL ADVISORY OOMMITTEE
FOR AZRONAUTIOR

26.06 ¢ >
e 62.3%4b >
e 7270

N
I

~

8

] 1

- \\\\

EWITP = +30°, AREA = 364.4 8Q FT, ASPEOT RATIO = 4,84, TAPER RATIO = .44
53.56%

62.8%¢

SWELP = +45°, ARDA = 309.6 8Q T,
ASPEOT R_A!‘IO = 3.84, TAPER RATIO = .42

[
Figure 2b.- Concluded.




NACA RM No. ABK15 Fig. 3

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

Figure 3.- 8ign convention for the standard NACA coefficients.
All forces, moments, angles, and control surface
deflectione are shown as positive.



Figs. 4,5 NACA RM No. ABK15
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Figs. 8,9 : NACA RM No., AB8K15
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NACA RM No. ABK15

Figs. 16,17
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NACA RM No. ABK15

Figs. 20,21
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Figs. 22,23

NACA RM No. ABK15
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